Proper coordination of chromosome segregation with cytokinesis is essential for the faithful transmission of genetic information during cell proliferation. In particular, failure to clear chromosomes from the cell equator exposes chromosomes to physical damage by the cell division apparatus. Defects in the clearance of DNA from the division plane can have multiple origins [1] [2] [3] . DNA connections between the separating chromosome masses, termed anaphase bridges, are observed with high frequency in cancer cells and are a potential source of genetic instability 4 . Anaphase bridges can be caused by defects in DNA replication 5, 6 , cohesion resolution or decatenation [7] [8] [9] , and by improper resolution of recombination intermediates 3 . Moreover, chromosomes can remain in the cleavage plane as a result of improper kinetochore attachment to microtubules from opposite spindle poles 10, 11 , or of dicentric chromosome bridges caused by inappropriate DNA break repair 12 .
In budding yeast, anaphase bridges generated by defects in spindle elongation, cohesion resolution or sister chromatid decatenation delay or inhibit abscission, the final stage of cytokinesis [13] [14] [15] . The discovery that this inhibition requires the activity of Aurora B kinase (Ipl1 in yeast) led to the proposal that an Aurora-Bdependent abscission checkpoint, called NoCut, inhibits cytokinesis in response to chromosome segregation errors 13, 14, 16 . In human cells, anaphase bridges can lead to cleavage furrow regression resulting in multinucleation and/or tetraploidy 9, 17 . Alternatively, cells with bridges stabilize an intercellular canal containing unsegregated DNA and inhibit abscission. In a manner reminiscent of the yeast NoCut response, abscission inhibition depends on Aurora B 18, 19 . These findings suggested that NoCut represented a conserved mechanism inhibiting abscission in response to DNA bridges to prevent chromosome breakage.
Several observations, however, have challenged this hypothesis. Chromosome segregation defects lead to DNA damage in yeast cells with dicentric chromosome bridges, defective condensation or loss of topoisomerase II (refs 20-22) , as well as in human cells with chromatin bridges and lagging chromosomes 23, 24 . In all of these instances, DNA damage was dependent on cytokinesis, which in at least some cases progressed without apparent delay 21 . The basis of the different cellular responses to chromatin bridges in these various studies is unknown. Therefore, it is still unclear whether the presence of chromatin bridges inhibits cytokinesis under physiological conditions, and whether this inhibition prevents chromatin bridge damage. To address these questions, we have characterized yeast cell division in the presence of chromatin bridges induced through different means. We find that NoCut delays abscission to prevent DNA damage specifically in response to bridges caused by replication stress.
RESULTS
The Ahc1 NoCut component promotes cell viability after DNA replication stress Limited exposure to genotoxic agents causes mild DNA replication stress and increases the frequency of anaphase bridges in budding yeast, Drosophila and human cells 15, 25, 26 . To assess whether NoCut is important for cell proliferation after DNA replication stress, yeast cells were exposed to a pulse of hydroxyurea (HU). Large-budded cells were then isolated, and after completion of cytokinesis, mother and daughter cells were separated and allowed to form colonies (Fig. 1a) . Only 6-7% of wild-type cells failed to produce colonies, indicating that the HU pulse did not strongly impair their viability. In contrast, deletion of the previously described NoCut component AHC1, encoding a subunit of the ADA histone acetyltransferase 14 , led to a fivefold increase in cell lethality specifically after the HU pulse (Fig. 1b,c) . Furthermore, deletion of the cytokinesis gene CYK3, which leads to delayed septum formation 27 , rescued the viability of HU-treated ahc1 mutants (Fig. 1c) . This suggests that an Ahc1-dependent cytokinesis delay promotes cell viability after DNA replication stress.
NoCut prevents damage of chromatin bridges after replication stress
Nuclear and contractile ring components were next labelled with fluorescent reporters to follow anaphase and cytokinesis by time-lapse microscopy after replication stress.
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ipl1-321 cyk3Δ (n = 122) Figure 2 NoCut prevents breakage of chromatin bridges after DNA replication stress. (a) Membrane ingression and abscission in control and HU-treated WT cells. Z -stacks spaced 0.3 µm apart and spanning the whole cell were acquired at 2-min intervals, but only central Z -planes are shown. Wholecell images are shown on the top, and enlargements of the bud neck region at the bottom. The spindle pole marker Spc42-GFP allowed the simultaneous visualization of spindle elongation. The position of spindle pole bodies was determined by examining all optical sections and is marked with arrowheads. Numbers indicate time in minutes; time 0 marks the frame before membrane ingression. (b) To analyse the status of the bud neck membrane, the GFP fluorescence intensity was measured across the cleavage plane in the central Z -plane (yellow lines; the last frames from a are shown). A drop in intensity marked membrane resolution and was scored as abscission (top); a single peak denoted the pre-abscission stage (bottom). (c,d) Graphs show the fraction of cells completing abscission relative to the time of membrane ingression at 30 • C (c) and 37 • C (d). Abscission is likely to be completed after a delay in HU-treated cells, because they did not form chains in liquid cultures or solid medium at later times. Statistically significant delays in abscission relative to the WT untreated condition were only found in cyk3 and WT HU-treated cells (P < 0.0001, Mann-Whitney test). (e) Representative images of WT and ipl1-321 cells expressing Mre11-GFP, after cytokinesis following a HU pulse. The arrow points to a nuclear Mre11 focus. DIC, differential interference contrast image. (f) Frequency of Mre11-GFP focus formation after cytokinesis in the indicated strains and conditions. * P < 0.005, compared with the WT, HU pulse; Fisher's exact test. In c,d,f, n represents the number of cells in each category, pooled from multiple experiments, and is shown in brackets. All experiments were performed in duplicate except the WT, HU pulse in c (five experiments) and HU-treated WT and ipl1-321 in f (three experiments each). All scale bars, 2 µm. of Myo1 ring contraction, which marks the onset of cytokinesis 28 ( Fig. 1d) . In contrast, an HU pulse produced thin chromatin bridges that were stained with DAPI, confirming that they contain DNA ( Supplementary Fig. 1a) , and disappeared only after contraction of the Myo1 ring (Fig. 1d) . The HU pulse did not delay the time of resolution of the nuclear envelope bridge connecting telophase nuclei ( Supplementary Fig. 1b ). Cells dividing in the presence of HU also exhibited chromatin bridges, but did not delay the time of segregation of the repetitive ribosomal DNA locus or of the telomere in the same chromosome arm ( Supplementary Fig. 1c,d ). Thus, replication stress results in chromatin bridges that persist until the time of cytokinesis.
Contraction of the actomyosin ring drives the plasma membrane inward and guides deposition of the primary septum, followed by deposition of secondary septa. Fission of the contracted membrane ensues, in a process termed abscission 29 . To monitor plasma membrane ingression and resolution after replication stress, GFP fused to the membrane-targeting CAAX motif of Ras2 was used as a reporter. In untreated cells, membrane ingression at the motherbud neck was followed by its resolution after an average of 20 min at 30
• C, whereas deletion of CYK3 significantly delayed the time between membrane ingression and resolution, confirming that it plays a role in abscission (Fig. 2a-c) . Abscission was delayed in wild-type cells exposed to HU, either transiently or continuously (Fig. 2a-c and Supplementary Fig. 1e ). This delay was rescued in sml1 mutants, which have increased deoxynucleotide levels 30 ( Supplementary Fig. 1f ). Notably, deletion of AHC1 advanced abscission in HU-treated cells, suggesting that NoCut mediates their abscission delay ( Fig. 2c and Supplementary Fig. 1g-h ). To confirm this, abscission kinetics were determined in cells impaired in Aurora B function by the ipl1-321 temperature-sensitive mutation at 37
• C. HU exposure delayed abscission of only a fraction of wild-type cells at 37
• C. However, the abscission delay was abolished in the ipl1-321 mutant (Fig. 2d) . Thus, DNA replication stress causes chromatin bridges and delays abscission in a manner depending on both Ahc1 and Aurora B. The DNA double strand break repair protein Mre11 forms nuclear foci indicative of DNA damage. Approximately 35% of wild-type, ipl1-321 and ahc1 cells exposed to 100 mM HU for 2 h showed Mre11-GFP nuclear foci when examined by time-lapse microscopy ( Supplementary Fig. 2a) . Following HU removal, the fraction of n is the total number of cells, pooled from two independent experiments, except for top2-4 ipl1-321, pooled from three experiments: ipl1-321
. WT, ycg1-2 and top2-4 data from cells with foci diminished to less than 10% during mitosis, and remained low even after prolonged arrest in late anaphase by the cdc15-1 mutation (Supplementary Fig. 2b ). Foci were again detected in 10-15% of wild-type cells in the next cycle; however, this fraction was increased twofold in ipl1-321 and ahc1 mutant cells (Fig. 2e,f and Supplementary Fig. 2c and Supplementary Videos 1 and 2) . Moreover, the fraction of cells with Mre11 foci in the ipl1 and ahc1 NoCut mutants was reduced back to wild-type levels by depletion of Cyk3, indicating that they depended on advanced abscission ( Fig. 2f and Supplementary Fig. 2c and Supplementary Video 3). We conclude that NoCut prevents DNA damage in cells exposed to replication stress.
Aurora B inhibits abscission in cells with decondensed and catenated chromatin bridges
To evaluate whether specific features of chromatin present at the division site contributed to inhibition of abscission, we characterized cytokinesis in cells with lagging chromatin due to temperature-sensitive mutations inactivating condensin (ycg1-2) and topoisomerase II (top2-4) 31, 32 . Inactivation of condensin or topoisomerase II did not delay the onset of Myo1-GFP ring contraction relative to the time of nuclear elongation, or the duration of the ring contraction period compared to wild-type cells, as reported previously 21 ( Supplementary Fig. 3a ). Chromosome segregation was completed before contraction of the actomyosin ring in wild-type cells, whereas ycg1-2 and top2-4 cells exhibited prominent chromatin bridges that disappeared only after ring contraction ( Fig. 3a and Supplementary Fig. 3a ). Mre11-GFP foci were observed in ycg1-2 and top2-4 cells after nuclear elongation, consistent with DNA damage in these mutants, as reported previously 20, 21 ( Supplementary Fig. 3b ). Efficient plasma membrane ingression was also observed in ycg1-2 and top2-4 cells expressing the GFP-CAAX plasma membrane reporter. However, membranes failed to resolve within 45 min in most ycg1-2 and top2-4 cells (Fig. 3b,c) , indicating impairment of abscission. Initiation of the next cell cycle, as indicated by the appearance of a new bud in the mother cell, was also delayed in condensin and topoisomerase II mutants by an uncharacterized mechanism ( Supplementary Fig. 3c ).
Thin-section electron microscopy was performed in wild-type, ycg1-2 and top2-4 cells undergoing cytokinesis. Septa with typical trilaminar structure were formed in cells of all strains; however, septa in ycg1-2 and top2-4 contained lacunae not observed in wild-type cells 33, 34 ( Fig. 3d and Supplementary Fig. 3d ,e). Electron tomography revealed that these lacunae formed a continuous 'channel' across the septum connecting mother and daughter cells. Septum channels in ycg1-2 and top2-4 cells were delimited by plasma membrane, and enclosed nuclear envelope (tomograms of six ycg1-2 and six top2-4 cells) ( Fig. 3d and Supplementary Fig. 3d and Supplementary Videos 4 and 5). Membrane-bound vesicles of 60-100 nm in diameter were found in close proximity to the division septa in ycg1-2 cells, which also contained microtubule bundles traversing the septum (Fig. 3d) . Septum channels in ycg1-2 and top2-4 mutants occasionally contained amorphous electron-dense material (see Fig. 3d , iii and iv and Supplementary Fig. 3d ). The narrow diameter of septum channels in ycg1 and top2 mutants, and their close association with nuclear membranes may explain why these channels do not support the exchange of a cytoplasmic reporter between mother and daughter cells in the next cycle 21 . Moreover, because cytoplasmic continuity was assayed after rebudding, which is delayed in ycg1 and top2 mutants relative to wild-type cells ( Supplementary Fig. 3c ), this previous study does not rule out delayed abscission in cells with chromatin bridges. (d) Inhibition of abscission in cdh1 cells with dicentric bridges is Ipl1 dependent. Dicentric cells of the indicated genotype were treated as in a-c but shifted to 37 • C after release from G1 to inactivate Ipl1. n = 21 (IPL1 cdh1 no bridges), 15 (IPL1 cdh with bridges), 18 (ipl1-321 cdh1 no bridges), 12 (ipl1-321 cdh1 with bridges), with n being the number of cells pooled from two experiments per strain. A significant difference was observed between cdh1 , no bridges and cdh1 , with bridges (P < 0.005, Mann-Whitney test).
We thus conclude that membrane abscission is inhibited or strongly delayed in condensin and topoisomerase II mutants.
We next tested the role of Ahc1 and Aurora B in this abscission delay. Deletion of Ahc1 advanced abscission in ycg1-2 and top2-4 mutants; however, this effect was small or did not reach statistical significance ( Supplementary Fig. 4a ). In contrast, inactivation of Aurora B in ipl1-321 cells significantly advanced abscission in condensin and topoisomerase II mutants, even in the presence of chromatin bridges ( Fig. 4a and Supplementary Fig. 4b,c) . The anaphase function of Aurora B was then perturbed by deletion of Slk19, which promotes Aurora B activity at the spindle midzone through its role in the early anaphase activation of the Cdc14 phosphatase 35 . The slk19 mutation restored abscission in the condensin mutant in spite of the presence of chromatin bridges during cytokinesis (Fig. 4b and Supplementary Fig. 4c ). The time of disappearance of Htb2-mCherry bridges after condensin inactivation was slightly advanced in ipl1 and slk19 mutants, suggesting that Aurora B increases the lifetime of the DNA bridge even in the absence of condensin function (Supplementary Fig. 4c) introduced an abscission delay in the ycg1-2 slk19 mutant (Fig. 4c) . Thus, Slk19 and Aurora B work in a common pathway to inhibit abscission in cells with chromatin bridges caused by lack of condensin or topoisomerase II activity. As slk19 fully rescued the abscission defect but ipl1-321 did so only partially, Slk19 might also work through additional pathways to promote efficient NoCut function.
Dicentric chromatin bridges do not inhibit abscission
Next, we investigated whether chromatin bridges inhibit abscission in the presence of condensin and topoisomerase II activity, using a conditionally dicentric chromosome. End-to-end fusion of chromosomes IV and XII produced the conditional dicentric LC(IV:XII)pGAL-CEN4, in which centromere 4 is kept inactive thanks to activation of the strong GAL1,10 promoter (Fig. 5a ). On activation of CEN4 in glucose-containing media, the two kinetochores achieve biorientation independently, leading to formation of chromatin bridges in 50% of anaphases (Fig. 5b) . Accordingly, cell growth was impaired after activation of the conditional dicentric in glucose medium 36 ( Supplementary Fig. 5a ), and time-lapse microscopy revealed chromatin bridges that persisted until ring contraction in approximately 50% of cells under these conditions (Fig. 5c and Supplementary Fig. 5b ). Dicentrics based on chromosome III (ref. 37) or fusion of chromosomes VI and VII (ref. 22 ) cause defects in spindle elongation that were not observed in the LC(IV:XII) fusion ( Supplementary Fig. 5c ), possibly owing to longer inter-centromeric distances in the latter (2.8 Mb) compared with the former (45 kb and 620 kb, respectively).
Abscission efficiency in the presence of dicentric bridges was then scored by inspection of the plasma membrane at the bud neck. Most dicentric bridges resolved after membrane ingression, yet abscission occurred with nearly wild-type kinetics in all dicentric cells irrespective of the presence of chromatin bridges (Fig. 5d) . Breakage of the LC(IV:XII) dicentric after cytokinesis was confirmed by pulsefield gel electrophoresis showing fragmentation of the RDN1 locus in the dicentric chromosome ( Supplementary Fig. 5d ), in agreement with similar observations in dicentrics formed by fusion of chromosome VI with chromosomes III, VII or XIV (ref.
Anaphase spindle stabilization is required for inhibition of abscission
We next asked why abscission is inhibited in response to replication stress-induced, decondensed and catenated chromatin bridges, but not to dicentric chromosomes. This was not due to differences in the amount of chromatin present at the cytokinesis site ( Supplementary  Fig. 5e ) or to selective activation of the canonical DNA damage response, as deletion of the checkpoint genes TEL1, MEC1, RAD9, MRC1 and CHK1 did not restore abscission in HU-treated, ycg1-2 and top2-4 cells ( Supplementary Fig. 6a,b) . However, Mre11 and Rad53 (homologue of human Chk2) were required to delay abscission specifically in condensin-defective cells, but not in HU-treated or top2-4 cells (Supplementary Fig. 6c ), suggesting that these factors may play Mec1-and Tel1-independent roles in delaying abscission specifically in response to condensin defects.
It has been proposed that Aurora B at the spindle midzone monitors the presence of bridges 14 . Therefore, an alternative explanation for efficient cytokinesis in the presence of dicentric chromosomes could be that Aurora B does not properly detect these bridges. As Aurora-B-mediated detection of chromatin bridges should require the persistence of spindle microtubules during at least the initial stages of cytokinesis, spindle disassembly dynamics were determined relative to cytokinesis in cells with different types of chromatin bridges. In wild-type cells, disassembly of the spindle occurs shortly before the actomyosin ring fully contracts 38 . In contrast, spindle disassembly occurred only after contraction of the Myo1 ring in most HU-treated cells and in ycg1-2 and top2-4 mutants (Fig. 6a and Supplementary Fig. 7a ). Inactivation of condensin also resulted in a delay in the time of spindle disassembly relative to anaphase onset ( Supplementary Fig. 7b ) and in delayed removal from spindles of the Prc1 homologue Ase1 and of the kinesin-5 motor protein Cin8, two midzone components supporting spindle integrity 39 that are degraded by the APC at the end of mitosis 38 ( Fig. 6b-d and Supplementary  Fig. 7c ). In contrast, the cytokinetic ring component and APC Cdh1 substrate Iqg1 was removed in a timely manner from the bud neck in condensin mutant cells (Fig. 6e and Supplementary Fig. 7d ). No spindle stabilization was observed in cells with dicentric chromosomes (Fig. 6a and Supplementary Fig. 5c ). Thus, spindle stabilization and inhibition of abscission are associated with each other.
To assess whether spindle stabilization during cytokinesis has a functional role in abscission inhibition, the microtubule-depolymerizing drug nocodazole was added to top2-4 cells after anaphase spindle elongation but before ingression of the bud neck membrane. Nocodazole addition efficiently disassembled spindles and significantly advanced abscission in top2-4 cells (Fig. 6f) . Therefore, anaphase microtubules are essential for inhibition of abscission in response to catenated DNA bridges.
APC
Cdh1 counteracts Aurora-B-dependent detection of chromatin bridges
We next investigated how spindles are stabilized in cells with catenated/decondensed bridges. Spindle disassembly at the end of mitosis relies on degradation of spindle proteins, including Ase1, Cin8 and Fin1, that is dependent on the ubiquitin-ligase complex APC Cdh1 (ref. 38). Our finding that stabilized spindles in condensin mutant cells contain Ase1 and Cin8 (Fig. 6b-d) opened the possibility that the Cdh1-dependent pathway of spindle disassembly is impaired in the presence of decondensed chromatin bridges. We thus tested whether Cdh1 depletion inhibits abscission either on its own, or in combination with dicentric chromosome bridges. Deletion of CDH1 stabilized anaphase spindles during Myo1 ring contraction as reported previously 38 ( Supplementary Fig. 8a ) and caused a mild abscission delay in cells with normal chromosomes, and in dicentric cells without bridges (Fig. 7a,c) . This is consistent with the role of APC in promoting cytokinesis in cells with normal chromosome segregation 34 . In contrast, cdh1 cells strongly inhibited abscission specifically in the presence of dicentric bridges (Fig. 7a,b) . Both Aurora B and Ahc1 mediated this bridge-specific abscission inhibition, because cdh1 ipl1-321 and cdh ahc double mutants with dicentric bridges completed abscission with dynamics similar to those of cdh1 single mutants without bridges (Fig. 7d and Supplementary  Fig. 8b ). Thus, dicentric bridges can trigger the NoCut response, provided that APC Cdh1 is inhibited. Moreover, depletion of the kinesin-8 family member Kip3 (which promotes spindle disassembly through a mechanism independent of APC Cdh1 , ref. 38) did not cause a delay in abscission in cells with dicentric chromosomes, irrespective of the presence of a chromosome bridge during membrane ingression (Fig. 7a,b) . Together with the observation that anaphase spindles are required for abscission inhibition in the top2 mutant (Fig. 6f) , these results indicate that inhibition of APC Cdh1 -dependent spindle disassembly is essential for efficient detection of chromatin bridges by Aurora B, and abscission inhibition.
DISCUSSION
The Aurora-B-dependent NoCut checkpoint was proposed to inhibit abscission in response to chromosome segregation defects in yeast and animal cells, to prevent DNA breakage by cytokinesis 13, 14, 18 . This hypothesis has been challenged on the grounds that DNA double strand breaks do occur after depletion of condensin, topoisomerase II, and dicentric chromosome bridges [20] [21] [22] . Here we demonstrate that NoCut delays abscission to prevent DNA damage and cell death, specifically in the presence of chromatin bridges caused by replication stress. We propose that NoCut-dependent inhibition of abscission prolongs the time available for bridge resolution, but that this delay is insufficient to ensure segregation of grossly decondensed/catenated chromosomes in condensin and topoisomerase II mutants, eventually leading to DNA breaks. In contrast, delayed abscission allows time for segregation of chromatin bridges that can be properly resolved, as in the case of wild-type cells exposed to HU. The DNA damage and replication checkpoints do not entirely prevent the formation of anaphase bridges after replication stress, and seem not to be required for the NoCut response. Therefore, by providing time for the resolution of chromatin bridges, NoCut acts as a last safeguard mechanism protecting cells from unwanted consequences of replication stress that escape detection by other checkpoints. As Aurora B is also important for anaphase chromosome condensation 36 , it might simultaneously participate in bridge resolution and in abscission inhibition, ensuring removal of lagging chromatin from the midzone before cytokinesis is complete.
Our results provide insight into the mechanism of chromatin bridge sensing. Aurora B can delay abscission when artificially tethered to chromatin 14 suggesting that it acts as a sensor monitoring the presence of chromatin around the spindle midzone. As the anaphase spindle normally disassembles before completion of ring contraction and membrane ingression, it remained unclear how midzone-bound Aurora B could interact with chromatin bridges at the appropriate time to inhibit abscission. Our finding that NoCut relies on the presence of the spindle during ring contraction may provide an explanation for this paradox.
Spindle stabilization occurred after replication stress and condensin or topoisomerase II inactivation, but not in cells with dicentric chromosomes, which seem to be properly condensed and are presumably decatenated. Therefore, defects present after replication stress, and associated with decondensed and/or catenated chromatin might elicit spindle stabilization. Furthermore, depletion of the APC activator Cdh1 allowed spindle stabilization and Aurora-B-dependent abscission inhibition in response to dicentric bridges. This finding has two major implications. First, it shows that Aurora B is able to detect chromatin bridges even in the presence of functional condensin and topoisomerase II, provided that degradation of APC substrates is inhibited in late anaphase. Second, it raises the possibility that DNA replication stress, decatenation and condensation defects promote bridge detection through dampening of the APC-dependent spindle disassembly pathway, through specific protection of spindleassociated APC Cdh1 substrates and/or local APC Cdh1 inhibition. The normal abscission timing in dicentric cells lacking Kip3, which also stabilize spindles during cytokinesis, shows that the spindle does not mechanically block abscission, and might indicate that stabilization of additional APC substrates other than those promoting spindle stability is important for NoCut function. Interestingly, Aurora B is a substrate of APC Cdh1 in animal cells 40 and possibly in yeast 41 , opening the possibility that decondensed/catenated bridges promote NoCut activation by preventing spindle disassembly and Aurora B degradation.
Our findings allow us to propose the following model for detection of anaphase bridges in budding yeast (Fig. 8) . After replication stress, and defects in chromatin condensation and decatenation, a chromatin-based damage signal dampens APC activity in late anaphase by an uncharacterized mechanism. This leads to spindle stabilization during ring contraction and detection of lagging chromatin by Aurora B at the spindle midzone to delay abscission, prolonging the lifetime of the chromatin bridge and allowing time for its final resolution. Dicentric chromosome bridges do not lead to stabilization of APC substrates, perhaps owing to their proficient replication, condensation and decatenation. Aurora B therefore cannot recognize these bridges and consequently abscission is not delayed, leading to chromosome breakage.
In human cells, spontaneous chromatin bridges inhibit abscission in an Aurora-B-dependent manner 18, 19 , whereas lagging chromosomes do not 24 . These distinct outcomes may be due to the different nature of the chromatin bridges affecting their detection by Aurora B. Finally, an important function of Aurora B in animal cells might be to provide additional time for the resolution of chromatin bridges caused by replication stress 4 , which are associated with chromosome instability in human cancer.
METHODS
Methods and any associated references are available in the online version of the paper. 
M E T H O D S METHODS
Strains and plasmids. Saccharomyces cerevisiae strains are derivatives of S288c. Gene deletions and taggings were generated by PCR-based methods 42 ; all fluorescently tagged proteins were expressed from the native promoter at the endogenous locus except GFP-Tub1 and mCherry-Tub1, which were inserted at the URA3 locus after digestion of pRS306-based plasmids (gifts from A. Straight, Stanford Medical School, USA, and D. Liakopoulos, CRBM, Montpellier, France) with StuI or ApaI, respectively. DAPI staining (1 µg ml −1 ) was performed as described previously 13 . The conditional dicentric chromosome was previously described 36 .
Cell growth. For G1 arrest, cells were grown in YPDA (yeast extract, peptone, dextrose and adenine) medium to logarithmic phase, synchronized with 15 µg ml −1 alpha factor (Sigma-Aldrich) for 2 h at 25 • C, and released in fresh YPDA medium at 30 • C or 37 • C. GAL1,10-promoter-driven GFP-CAAX expression was induced in glucose media in cells expressing the hybrid Gal1-ER-Vp16 protein 43 by addition of 90 nM beta-oestradiol 3 h before imaging (Figs 2f and 3) or by addition of galactose 3 h before imaging to cells pregrown in YPRA (yeast extract, peptone and raffinose) (Figs 2b-d, 6c and 7c) . Cells with the conditional dicentric chromosome were grown at 30 • C in YPGA (yeast extract, peptone and galactose) medium before G1 arrest. To activate the dicentric chromosome (Figs 5 and 7) , glucose was added to a final concentration of 2% 1.5 h after alpha-factor addition and cells were released from the G1 arrest in fresh YPDA.
Fluorescence microscopy. For time-lapse imaging, cells were plated in minimal synthetic medium on concanavalin A-coated (Sigma-Aldrich) Lab-Tek chambers (Thermo Fisher Scientific). Imaging was performed in a pre-equilibrated temperature-controlled microscopy chamber, using a spinning-disc confocal microscope (Revolution XD; Andor Technology) with a Plan Apochromat 100×, 1.45 NA objective equipped with a dual-mode electron-modifying CCD (chargecoupled device) camera (iXon 897 E; Andor Technology). Time-lapse series of 4.5 µm stacks spaced 0.3 µm were acquired every 1.5 or 2 min. iQ Live Cell Imaging software (Andor Technology) was used for image acquisition. For quantification of abscission, images were analysed on four-dimensional hyperstacks and smoothed with the Gaussian blur function in ImageJ (National Institutes of Health). Only cells starting cytokinesis (membrane ingression) at least 45 min before the end of image acquisition were considered for the quantifications of abscission. Fluorescence intensities were measured from single sections of each cell to score membrane separation (abscission). Fluorescence analysis of fixed cells was performed in a wide-field microscope (Leica AF 600) with an Andor DU-885K-CSO-#VP camera. Images of 4.5 µm stacks spaced 0.3 µm apart were acquired.
Electron microscopy and tomography. Cells in Supplementary Fig. 3e were fixed at 37 • C using 4% formaldehyde and 0.4% glutaraldehyde, and then processed as previously described 44 . Ultrathin serial sections (60-70 nm) were collected on Formvar-coated slot grids, post-stained with uranyl acetate (2% in water) over 30 min and lead citrate for 15 s and examined under a Tecnai Spirit transmission electron microscope (FEI Company) at 120 kV accelerating voltage. Micrographs were acquired at ×26,500 magnification using a CCD camera (MegaView III; Olympus) and the image acquisition analySIS software (Olympus) and processed for brightness and contrast using Photoshop (Adobe Systems). Cells in Fig. 3d and Supplementary Fig. 3d were cryoimmobilized by high-pressure freezing with a Leica EMPACT-2. High-pressure freezing and freeze substitution (−90 • C for 48 h in 0.1% glutaraldehyde, 0.2% uranyl acetate and 1% water in acetone) were performed on a EM-AFS2 device (Leica Microsystems). The temperature was then increased at a rate of 5 • C h −1 to −45 • C followed by 5 h incubation. Samples were rinsed with acetone followed by stepwise lowicryl HM20 (Polysciences) infiltration at −45 to −25 • C. Ultraviolet polymerization was applied for 48 h at −25 • C and the temperature was increased to 20 • C at a rate of 5 • C per hour. Finally the samples were left exposed to ultraviolet at room temperature for 48 h. Sectioning was done on a Leica Ultracut UCT microtome (Leica Microsystems) and serial sections were collected on Formvar-coated, palladium-copper slot grids. Thin sections (70 nm) were viewed using a CM120 biotwin electron microscope (FEI) operating at 120 kV. Digital acquisitions were made with a Keen View CCD camera (Soft Imaging System). For tomography, 250-nm-thick sections were placed in a high-tilt holder (Model 2020; Fischione Instruments; Corporate Circle) and recorded on a Tecnai F30 EM (FEI) operating at 300 kV using the SerialEM software package (Mastronarde 2005). Images were taken every degree over a ±60 • range on an FEI Eagle 4K × 4K CCD camera at a magnification of ×20,000 and a binning of 2 (pixel size 1.179 nm). Tilted images were aligned using tilt series patch tracking. Tomograms were generated using the R-weighted back-projection algorithm and displayed as slices one voxel thick, modelled, and analysed with the IMOD software package 45 .
Pulse-field gel electrophoresis. Cells growing in YPGA were arrested in G1 with alpha factor (6 µg ml −1 ). The culture was then split and glucose was added to one half to activate the dicentric chromosome. Cells were released 30 min later into a synchronous cell cycle. A culture volume corresponding to three optical densities was taken at time 0; the same volume of culture was collected 2 and 3 h after release from the G1 arrest. Cells were washed with 50 mM EDTA twice, resuspended in 50 µl ice-cold 1 M sorbitol, 0.1 M sodium citrate, 60 mM EDTA, 0.5% ß-mercaptoethanol, 1 mg ml −1 zymolyase 100 T, and mixed with 75 µl molten 1% low-melting-point agarose in 125 mM EDTA before dispensing into plug moulds. Plugs were incubated for 2 h at 37 • C in 400 µl 0.45 M EDTA, 0.01 M Tris HCl pH 7, 7.5% ß-mercaptoethanol, 10 µg ml −1 RNAse A, followed by overnight incubation in 400 µl of 0.25 M EDTA, 0.01 M Tris HCl pH 7, 1% sarkosyl, 1 mg ml −1 Proteinase K. Plugs were loaded in 0.8% agarose gels and chromosomes separated in 0.5× TBE, recirculated at 14 • C in a CHEF-DRII system (Bio-Rad). The run time was 68 h at 1.5 V cm −1 , followed by 48 h at 2 V cm −1 . The switch time ramp was 300-900 s.
The run time was 72 h at 2 V cm −1 with a 1,200-1,800 s switch time ramp. Yeast chromosomes were visualized after staining with ethidium bromide and transferred onto positively charged membranes by saline upward capillary transfer. The dicentric chromosome was visualized using a 1.5 kb fluorescein-labelled probe within the RDN1 gene in the rDNA array. Signals for broken and intact dicentrics were quantified from different unsaturated exposures of the same blot with Image Lab (Bio-Rad).
Statistics and reproducibility.
All experiments were repeated at least twice and gave similar results. Depending on the experiment and as indicated in the corresponding figure legends, P values were determined by Fisher's exact test, Mann-Whitney test or Student's t-test using the Prism software (GraphPad). A P value of less than 0.05 was considered statistically significant. Number of cells (pooled from two independent experiments): n = 35 (wild type), 38 (ycg1-2), 52 (top2-4). The rebudding kinetics of wild type and mutant cells were considered significantly different (p < 0.0001, MannWhitney test). (d) Slices from a tomogram of the septum in a top2-4 cell. Arrowheads point to nuclear membrane entering the channel (left); Arrows point to plasma membrane underlying the channel (right). Scale bars are 0.2 µm. (e) Serial ultra-thin sections (60-70 nm) from wild type and ycg1-2 cells 3 hours after release from a G 1 block. Septum channels were present in all examined ycg1-2 mutant cells (9) , whereas all wild-type cells showed intact septa (13) . Continuous septum deposition might constrict these channels and lead to their delayed closure. Arrows point to lacunae traversing the septum of the mutant. PS, primary septum, SS, secondary septum. Scale bar is 0.5 µm. Both graphs show the mean and SD. Anaphase onset was defined when SPB distance was above 2.5 µm. n = 14 cells, pooled from two independent experiments, for each cell type or category. (d) PFGE analysis of dicentric chromosomes. Cells growing in galactose were arrested in G 1 with alpha factor. The culture was split in two and glucose added to one half. Cells were released in glucose or galactose as indicated, and samples taken at times 0, 120 and 180 min for FACS, PFGE and Southern blot analysis. Asterisk marks position of broken dicentric molecules. The graph shows the amount of broken molecules in Southern blot, relative to intact dicentrics and arbitrarily set to 1 at time 0. (e) Abscission differences in the presence of distinct types of chromatin bridges are not due to differences in the amount of chromatin present at the cytokinesis site. The intensity of fluorescently labeled histones at the bud neck was low in condensin-deficient bridges (which inhibit abscission), whereas it was approximately 10-fold higher in both abscissioncompetent dicentric cells and in abscission-defective top2-4 mutants. Wild-type and cdh1∆ dicentric cells (from Fig. 5d and Fig. 7a ,b, respectively) are shown for comparison. cdh1∆ ahc1∆, no bridges n = 34 cells; cdh1∆ ahc1∆, with bridges n = 40 (pooled from two independent experiments). Abscission kinetics of cdh1∆, with bridges and cdh1∆ ahc1∆, with bridges were significantly different (p < 0.0005, Mann-Whitney test).
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